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Several observed transport and thermodynamic properties of the heavy-fermion compound 
YbRh 2 Si 2 in the quantum critical regime are unusual and suggest that the fermionic quasiparti¬ 
cles are critical, characterized by a scale-dependent diverging effective mass. A theory based on 
the concept of critical quasiparticles (CQP) scattering off antiferromagnetic spin fluctuations in a 
strong-coupling regime has been shown to successfully explain the unusual existing data and to 
predict a number of so far unobserved properties. In this paper, we point out a new feature of a 
magnetic field-tuned quantum critical point of a heavy-fermion metal: anomalies in the transport 
and thermodynamic properties caused by the freezing out of spin-flip scattering of critical quasi¬ 
particles and the scattering off collective spin excitations. We show that a step-like behavior as a 
function of magnetic field of e.g. the Hall coefflcient and magnetoresistivity results, which accounts 
quantitatively for the observed behavior of these quantities. That behavior has been described as 
a crossover line T*{H) in the T — H phase diagram of YbRh 2 Si 2 . Whereas some authors have in¬ 
terpreted this observation as signaling the breakdown of Kondo screening and an associated abrupt 
change of the Fermi surface, our results suggest that the T* line may be quantitatively understood 
within the picture of robust critical quasiparticles. 


I. INTRODUCTION 

Quantum phase transitions in heavy-fermion com¬ 
pounds have attracted considerable interest over the last 
two decades. These systems exhibit deviations from the 
standard Fermi-liquid description of metals, as a con¬ 
sequence of the interaction of the fermionic (Landau) 
quasiparticles with bosonic critical spin fluctuations. The 
existence of phase transitions in these systems was pro¬ 
posed early on by DoniacfP, who argued that the compe¬ 
tition of Kondo screening of the local moments and the 
(RKKY) interaction between them should lead to a quan¬ 
tum phase transition separating a paramagnetic from a 
(usually) antiferromagnetic phase. A full explanation of 
just how this happens is still lacking (for a review see Ref. 
HD. Therefore the discovery of a well-accessible quantum- 
critical regime in some heavy-fermion compounds has 
generated a good deal of research activity. In particular, 
YbRh 2 Si 2 (YRS), which has a magnetic field-tuned quan¬ 
tum phase transition, has been studied extensively. Mo¬ 
tivated by experimental observations of deviations from 
conventional quantum-critical behavioi!^ at very low tem¬ 
perature in YRS, we have previously considered the inter¬ 
play of fermionic (quasiparticle) and bosonic (spin fluc¬ 
tuations) critical behaviors and shown how this leads 
to critical quasiparticles with unconventional behavior 
in the critical region.E^ The behavior of several of the 
transport and thermodynamic properties in the critical 
regime were successfully accounted for on th e bas is of 
the critical quasiparticle theory, both in YRS ^^ * ^^ -* and 
CeCu6_xAua;.li^ In addition to the unconventional be¬ 
havior in YRS as r —>■ 0, a crossover behavior in the 
Hall constantPand several other quantities was observed 
along a line T*{H) in the temperature (T) - magnetic 
field (H) phase diagram, with the crossover width scaling 


as T. This T* line begins at relatively high (T, H), mono- 
tonically decreases with decreasing magnetic field and ap¬ 
parently ends at the quantum critical point (QCP), which 
is accessed by tuning H to the critical held He « 0.06 T. 
A number of authors have interpreted this crossover as 
a signature of the breakdown of Kondo screening and a 
concomitant change of the Fermi surfacS^^. 

In this paper, we propose an alternativ e exp lanation 
for the T* line that is based on the theorjE^SI of well- 
defined critical quasiparticles with robust Kondo screen¬ 
ing. It was originally developed for disordered systems, 
in which impurity scattering serves to distribute to the 
entire Fermi surface the critical renormalization of the 
quasiparticle effective mass. This results from interac¬ 
tion with antiferromagnetic spin fluctuations that in the 
pure case is important only at “hot spots” on the Fermi 
surface. Later, it was shown that exchange of pairs of 
AFM spin fluctuations, (ie. energy fluctuations), carry¬ 
ing small total momentum leads to critical quasiparticles 
even for clean systems.l^^In both cases, there results scal¬ 
ing behavior of the free energy and transport properties 
that is characterized by fractional power laws in temper¬ 
ature and in the tuning parameter. In renormalization 
group language, the theory has two stable fixed points at 
weak and strong coupling. The predictions of this theory 
were found to be in excellent agreement with all available 
experimental data. 

We argue here that the thermal activation of spin-flip 
excitations of critical quasiparticles in a non-zero mag¬ 
netic field leads to a threshold behavior of transport prop¬ 
erties as a function of magnetic field at fixed tempera¬ 
ture. There are actually two types of processes contribut¬ 
ing to this threshold behavior, which defines a crossover 
T*{H), Near the QCP, the switching on of spin-flip scat¬ 
tering leads to a step-like feature in the imaginary part 
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of the critical component of the quasiparticle self energy 
(at a temperature T(‘(iJ)), which by analyticity carries 
over to the real part and hence to the thermodynamic 
properties. The properties of this line mirror those 
of the experimentally determined T*{H) line near the 
QCP. As we show below, the T* line approaches the QCP 
following a fractional power law. In the temperature 
regime for which data are available at present, the asymp¬ 
totic low temperature behavior has not yet been reached. 
Nonetheless, an evaluation of the Tj* line using the avail¬ 
able thermodynamic data approaches the QCP almost 
vertically in the T — H phase diagram, as apparently ob¬ 
served for T*{H). This effect arises as a consequence of 
the unusual renormalization of the bare single quasipar¬ 
ticle Zeeman splitting = g^gH. As we explain below, 
the magnetic field is screened by the Fermi liquid inter¬ 
action, such that ho ^ h = Rniho, where H) is a 

generalized Wilson ratio (in the limit H —>■ 0, Rni —>■ R, 
where R is the usual Wilson ratio). This renormalization 
of the Zeeman splitting played an important role in the 
interpretation of th e linewidth of electron spin resonance 
(ESR) in in that it increases the low tempera¬ 

ture linewidth in the Fermi liquid regime by two orders 
of magnitude, in agreement with experiment.!^ Since the 
Wilson ratio is found to tend to zero upon approach¬ 
ing the QCP, the renormalized Zeeman splitting of the 
quasiparticle energy is predicted to nearly vanish (the ob¬ 
served finite response to a magnetic field is accounted for 
by the noncritical, nonquasiparticle contribution) . Con¬ 
sequently, the thermal energy required to flip the spin 
nearly vanishes as H —i' He and T —>■ 0, leading to a 
threshold anomaly at Tl{H) the width of which goes to 
zero as well. At higher T the anomaly is rapidly washed 
out. 

There exists, however, a second type of spin-flip 
excitation, the collective excitation observed in ESR 
experimentJi^E^. This excitation has also been seen in 
inelastic neutron scattering experimentJ^^. The condi¬ 
tion of thermal energy being equal to the ESR energy 
quantum ujr defines a line T 2 (i/) which we find coincides 
with the experimentally determined T* line at higher 
T, Ff. At lower field the T 2 line crosses the critical field 
at a non-zero temperature and therefore with a non-zero 
width. We therefore find a crossover behavior near the 
point where Ti{H) and T^iH) meet. 

In Sec. II, we review the reasons leading to a renormal¬ 
ization of the single-particle Zeeman splitting. In Sec. 
Ill, we calculate the imaginary part of the self energy 
of the critical quasiparticles and derive the threshold be¬ 
havior at the line T(‘(iF). This allows an approximate 
calculation of a step-like feature in the magnetoresistiv¬ 
ity in Sec. IV and in the Hall coefficient in Sec. V, which 
is compared with experiment. Then we deduce the real 
part of the self energy using analyticity arguments, and 
therefore the quasiparticle weight factor Z. The effective 
mass ratio obtained from the relation m*/m = XjZ al¬ 
lows the identification, in Sec. VI, of a step-like feature 
in the magnetic-field dependence of the specific heat and 


other thermodynamic quantities. 

In Sec. VII, we calculate the contribution of thermal 
excitation of the ESR spin resonance to the imaginary 
part of the self energy. Using analogous arguments as 
in Sec. II, we derive the threshold contributions to the 
transport quantities along a line T^iH), defined by the 
scattering off the spin resonance. 

We collect the results in Sec. VIII and compare 
the theoretically determined T*{H) line with the pub¬ 
lished experimentally-determined T*{H) and find excel¬ 
lent agreement. 

We summarize our findings in Sec. IX and give a criti¬ 
cal evaluation of the interpretation of the T* line as cor¬ 
roborating the picture of critical quasiparticles 


II. RENORMALIZATION OF THE ZEEMAN 
SPLITTING 


A. Fermi liquid theory 

The single particle Green’s function in a magnetic field 
has the form 


Ga{k,u-H) = -- , -^ -77 -^ 

w - efc -I- ct/i/2 - ha[K,uj-,n) 


( 1 ) 


Here h = Rniho and ho = gusH where Rni 
is the renormalized Wilson ratio formulated as fol¬ 
lows: The external field is screened by the molec¬ 
ular field ho —?> ho{l — f°'M/H), where M = 
du! f d'^k{2TT)~‘^aGa{k,uj-, H) is the spin polariza¬ 
tion and /“ is the (Landau quasiparticle) spin ex¬ 
change interaction. In this paper, we consider a three- 
dimensional metal, with critical fluctuations also in d = 
3. In the limit H —>■ 0 , or more generally, if M is 
linear in H, we have M = yiF. Using the Fermi liq¬ 
uid expression for the spin susceptibility (in appropriate 
units) X = dM/dH = NS/{1 + F“), where 
is the Landau parameter in the spin channel and Nq 
is the quasiparticle density of states, we then get h = 
ho/{l + F“) = Rho , where R = x/^S = 1/(1 + 
is the usual Wilson ratio. Now, in the case of non-zero 
magnetic field Rni = 1 — /“x^i where b = {M/H)/x- 
Here x = dM/dH is the differential susceptibility at fi¬ 
nite field H. Expressing /“x = F ^"/(1 + F^-) = 1 — R, we 
finally get 


h — ho[i + {R — 1)6] — hoRni (2) 

The static screening changes the applied field ho to h 
everywhere, so that we shall use the screened field in 
place of the bare field from now on. The screening 
factor Rni {nl stands for “nonlinear screening”) is ex¬ 
pressed in terms of the Wilson ratio R and b, the ra¬ 
tio of nonlinear and differential susceptibility. Here, 
F = OiRXF/G, with G/T = 7 , the specific heat coeffi¬ 
cient, an = (/Zirkg/iigg-B)'^, and g = 3.6 is the g-factor. 
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The experimental data show that 5 > 1, always, and 
b{H) is an increasing function of H, since the slope of 
M{H) becomes smaller for increasing H — He- The non¬ 
linearity of M thus weakens the increase of R with de¬ 
creasing field towards He . 

Expanding the dynamic part of the self energy at small 
w and defining the quasiparticle (qp) Z-factor as Z~'^ = 
[1 — i9E(fc,a;; 0)/9w] we find 


G^{k,uj;h) = - * I y ^ I -r ’ 

where T = ZlmS and 

^ ^ l-CT[E^(fc,0;/i)-S;(fc,0;/i)]//i 

[l-9E(fc,cc;0)/au;Uo 

+ 2 Oj ^))] 

In the limit of h —>■ 0 we may use the relation 
lim 2adYi„{k, 0; h)/dh = lim 9E(fc, w; 0)/duj, 

/i—>-0 ui^O 


(3) 

(4) 

(5) 

( 6 ) 


to find Zha- = 1. So, the coupling of qp spins to the exter¬ 
nal field is only renormalized by the molecular field. This 
is in accord with the statement that Landau quasiparti¬ 
cles have the same quantum numbers as bare particles, 
and therefore the qp spin is a conserved quantity. 


B. Renormalization of the Zeeman splitting of 
critical quasiparticles near a field-tuned QCP 

The above relation of the two derivatives of the self 
energy with respect to h and w does not hold generally 
in non-zero magnetic field. This can be seen by analyz¬ 
ing any diagram of the self energy in terms of bare 

Green’s functions in the following way: there is always ex¬ 
actly one string of Green’s functions Gcr(fcj, w —wi —...) = 
(w -I- (t/i/ 2 — wi — ... — £kj)~^ (carrying the external spin 
label) connecting beginning and end of the diagram. In 
those Green’s functions a shift of magnetic energy ah is 
equivalent to a shift of w . All other Green’s functions 
belong to closed loops in which the spin index is summed 
over. The closed loop contributions are then necessarily 
functions of H^. In the limit H ^ 0 those correc¬ 
tions drop out. Hence in this limit the relation Eq. ([^ 
holds. At non-zero field the corrections are not neg¬ 
ligible (although they may be small of 0{H/€f)^, where 
cf is the Fermi energy) and Eq. § does not hold in gen¬ 
eral. However, near the critical field he the derivative 
d'Zcr{k,0-,h)/dh is critically enhanced. As suggested in 
Ref. 1161 the vertex function corresponding to the deriva¬ 
tive d'Ea{k,0',h)/dh is enhanced (x XjZ , diverging at 
the QGP just like dYj{k,u:]{))lduj. Therefore, the relation 
Eq.Q still holds, as far as the critical contributions are 
concerned, and, as explained in the previous subsection, 
we have 


In the following we shall drop the regular contribution 
hreg, since it vanishes at the critical point faster than 
the first contribution, at least oc Z^ . 


The relation of the renormalized Zeeman splitting h to 
the magnetic field H is somewhat involved and in general 
may not be expressed as a simple functional relationship. 
Near the QGP of YRS, however, we may use the resultt^S 
Z~^ oc {H — HeY^^ oc h, from which follows T*[H) oc 
{H — HeY^^ as the asymptotic form of the T* line. At 
the temperatures for which data are available, the be¬ 
havior of the magnetic susceptibility, in particular, as a 
function of T, H is not well-represented by a simple scal¬ 
ing form. It is then more reliable to use directly the 
available experimental information on the specific heat 
coefficient (see Ref. [35]), the differential spin 

susceptibility x{T,H) (see Refs. and the magne¬ 

tization M{T,H) (see Refs. HUIMl andETl) to determine 
the quasiparticle Zeeman splitting h{T,H). In Fig. 1 we 
show results for h{T,H) versus magnetic field H at four 
selected temperatures T = 18, 38, 65,100 mK, for which 
magnetoresistivity data,l^ Sec. IV below, are available. 
The T = 18K data is shown as the purple line while the 
other three temperatures give similar results, as shown. 
Also shown is the bare Zeeman splitting ho{H). One can 
see that h is substantially enhanced by the ferromagnetic 
molecular field. At these temperatures the asymptotic 
behavior h cx {H — HeY^^ mentioned above is not yet 
seen. It is masked by the relatively strong increase of 
the spin susceptibility towards lower fields (at these low 
temperatures critical antiferromagnetic spin fluctuations 
dominate and y eventually reaches its asymptotic T = 0 
limiting value). 


h(T,H) 



H 


FIG. 1. Renormalized Zeeman splitting h{T,H) at various 
T, in degrees K at various T. The unrenormalized Zeeman 
splitting ho is also shown, The magnetic field unit is Tesla 
and the temperatures are in Kelvin. 


reg- 


h — Rjiiho -)- h- 


(7) 
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III. THRESHOLD BEHAVIOR OF SPIN FLIP 
SCATTERING OF SINGLE QUASIPARTICLES: 
SELF ENERGY 


Since the differential spin susceptibility y and the mag¬ 
netization M both approach a constant finite value at the 
QCP, and since the specific heat coefficient C/T as well 
as diverge as 3d - for 2d AFM fluctua¬ 

tions, see Ref. [ini), h is seen to nearly vanish at the QCP 
(more precisely, h/hg = 1 — b at the QCP, which is a 
very small quantity). In one-loop approximation of the 
self energy the most important effect of Zeeman splitting 
is from the intermediate quasiparticle line (straddled by 
a fluctuation propagator). The effect on the AFM spin 
fluctuation propagator is small (h does not enter the Lan¬ 
dau damping term in lowest order). 

Let us then look at the self energy expression (due to 
coupling to magnetic energy fluctuations, as in Ref. [HD: 


$(w;^,r,h)= f q^dqluiXEiq,uj) — 0{v*pq - h) 

J vpq 

{qdq)uj^/'^ 


z-^ 

Z^ 


0{\ui\ — h?) 0{h^ — Z^ — |a;|) 




K^/Z-^ 


( 11 ) 


where 0{x) is the unit step function and we have taken 
^ > 0, since we restrict ourselves to the critical region 

We use this result in Eq. Q to obtain 


/ OO 

di/F(i.,w)[$(i/;r,0) + $(z/;T, h)] 

-OO 

« ar3/4[A(0,w/T) + iF(u/T,w/T)], (12) 


ImSo.(fc, w) 


[(dq) j dvF{v,io) 

a' -I 

X (q. v)lmGa' (k -h q, ^ -f w) (8) 


where F{v,uj) = f{v + uj)Fh{v) and /(w) = l/(e‘^/^-|-l) 
and — 1). The energy fluctuation spec¬ 

trum is given by (see Ref. mi: 


Imx^(q,w) cx 


a;(|w|/Z2)3/2 

(g 2 +e -2 + |w|/Z 2)2 


(9) 


The wavevector q and the inverse correlation length 
are in units of the Fermi wavenumber kp and the fluc¬ 
tuation energy a; as well as all other energies (T, K) in 
units of the Fermi energy e^, of the heavy quasiparticle 
band of YRS, approximately 10 K. The decisive effect 
of the Zeeman splitting is on the result of the angular 
integration over q in Eq. (8). 


J (^ImGcr/ (k -1- q, oj) 

« / ^ZS{w - - v*pq cos 0) 

= ^0ivU-\u^-4a'\) ( 10 ) 


where Vp = Zvp and vp are the quasiparticle and bare 
Fermi velocities. We need ImEo.(fc, 0) at the Fermi en¬ 
ergy, i.e. el^ = 0 and = h{a'-a)l2. Also, uj <C Vpq, 
as may be seen from the structure of Imx^(q, oj), so that 
UJ may be dropped in Eq. ( |l0D . We now see that the non- 
spinflip term a' = a gives rise to half of the contribution 
we had previously (at F[ = 0). The spin-flip term, how¬ 
ever, has the additional constraint on the g-integration 
Vpq > \h\. The g-integral of the spin flip term in Eq. ^ 
may be approximated by 4>(a;; T, h) defined as 


where u = and we defined a function K{z,y) de¬ 

scribing the scaling behavior as the magnetic field and 
the energy oj is varied as follows: 

K{z,y) = l{z,y)/I[0,t)) (13) 

= h/ 2 {z,y) + [- 15 / 2 ( 0 ,?/) - l 5 / 2 {z,y)]/z (14) 

pOO 

IY^,y)= dxF{x,y)x^" (15) 

J Z 

where the thermal factor F{x, y) is defined below Eq. 

t . We also used Xp oc Z~'^ and we approximated Z by 
u = oo,T,H) = const.(T/To)i/‘^ . 

The function K{h?/epT,0) drops monotonically with 
increasing h, in a step-like fashion. The step width 
scales with temperature T. This means that the spin 
flip term shows threshold behavior as a function of h 
at h « (ei?T)^/^ . As mentioned above, the dependence 
of h on magnetic field does not follow a simple functional 
form, so that the T* line has to be determined numeri¬ 
cally. 

In the following we will use the above result for the self 
energy to determine the contribution of qp spin-flip scat¬ 
tering to several of the quantities for which a threshold 
behavior as a function of FI has been observed. In par¬ 
ticular we will give a detailed comparison of the magne¬ 
toresistance and Hall coefficient data with our theoretical 
result. 


IV. MAGNETORESISTIVITY 

The magnetoresistivity p{T, FI) is determined by the 
quasiparticle scattering rate due to impurities l/r'^^ 
and that due to scattering off the critical fluctuations 
l/r* = Z{oj) 1 tciZ{uj) . At low enough temperature, im¬ 
purity scattering dominates. We obtain p(T, FI) from the 
Kubo formula for the conductivity by expanding in the 
small quantity <C 1 as follows (/ is the Fermi 
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function): 


p{T,H)-p{0,H)) = 


doj 


‘^doj T*{uj) 

J duj^N^{u:)vf{uj)T, 


-2 


= aJ2 f 


w 


(16) 


where the renormalized density of states Nq{uj) = Nq/Z, 
the Fermi velocity Vp = vpZ, and the qp relaxation rate 
1/t* = ZImS , so that N*{ijj)v*p{uj) oc Z(w), cancelling 
the factor of Z in 1 /r*, the quasiparticle relaxation rate 
(and we neglect a contribution from vertex corrections, 
which may be assumed to change only the prefactor) 
Using Eq. (12) for ImS and scaling out the overall T- 


dependence, we find 


p{T,H)-piO,H) 

Liz) = [ 
Jo 


aim/e^No)T^^‘^L{u/T) (17) 
K{0,y) +K{z,y) 


dy- 


cosh^(j//2) 


- (18) 


In Sec. IIB, we found the renormalized Zeeman split¬ 
ting h numerically from the available experimental data 
(see Fig. 1). It enters the functions K{z,y), Eq. (13) 


which determine the magnetoresistivity. Substituting the 
found renormalized Zeeman splitting into the expression 
for the magnetoresistivity, we have evaluated Eq. ( [T 7 | for 
four temperatures T=18,38,65, and 100 mK for which 
data are available. In Fig. 2, we compare our results 
with the data for sample #1 of Friedemann et al.^^Here 
we approximated the magnetic field dependence of the 
background resistivity by p{0,H)) = ci + C2i7^ . The 
characteristic energy u = h'^fep, where ep ^ lOK and 
h is obtained from Eq. ([^, as shown in Fig. I. The 
remaining unknown parameter set {a « I/rUcm,ci « 
0.9p,Ucm, C2 « 0.5/rOcm/T^} was chosen to give the best 
fit to the data for all the temperatures chosen. As one 
can see, the experimental data are described quite well by 
the theory, with the single set of parameters The width 
of the step AH is found to approximately scale with T . 

The agreement of our simplified model calculation 
with experiment is remarkable, considering that we have 
adopted a number of approximations, including the ne¬ 
glect of the i7-dependence of Z (assuming that the mag¬ 
netic field region considered here lies completely inside 
the critical regime, and neglect of the difference of effec¬ 
tive masses of spin (f, i)-quasiparticles. 


V. HALL COEFFICIENT R„ 


Electronic structure calculations within the “renormal¬ 
ized band theory,” i.e. taking the Kondo resonance scat¬ 
tering at the Yb ions into account, have revealed two 


0.05 0.10 

H 


I0I« 


A* . 
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1 . 




0.10 

H 


0.15 0.20 


FIG. 2. Magnetoresistivity p{T,H) at various T. Clockwise 
from upper left, T = 18,38,65 and 100 mK. H in Tesla and 
n in ufl-cm. Dots are theory, Eq. (171; triangles are from the 
data, Ref. ED] ^ 


relevant bands involved in transport, one of particle, the 
other of hole character.!^ As a consequence, substantial 
compensation is observed in the Hall coefficient data, 
leading to small values of Rh and an enhanced sensi¬ 
tivity to disorder The Hall coefficient is given in 
terms of the partial Hall (cr^yz) and longitudinal (cr^j,) 
conductivities of the two bands (j = 1,2) a^ 


RniT^H) = 


^1 = 1.2 

(Z^i = l,2 


(7^ 

^ xyz 



(19) 


where 





andu, 

and M*~j are the a;-component of the quasiparticle ve¬ 
locity and the j/x-component of the inverse quasiparticle 
mass tensor of the j-th band (as earlier, the asterix indi¬ 
cates the quasiparticle renormalization). As in the case 
of the magnetoconductivity, we use the fact that the in¬ 
elastic scattering from critical fluctuations gives only a 
small contribution to the scattering rate, thus allowing 
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expansion in the small parameter /t^-\ 


r*imp \3 { fif \ 

= 2 $: ^ 
k \ ^3 / 

cx {NqVp/ m){TY^^fuj 

X J du} ImEj (a;) 


( 22 ) 


where Aaly^{T, H) = a^^y.iT, H) - <T^^y^(0, H). Here, we 
have used u*^^^y^^{df/de^^) Uj(yl/m)Z]{uj){df/duj), 
and have accounted for band structure effects in an av¬ 
erage way by the dimensionless factor uj ^ 0. We recall 
that the impurity relaxation rate in the case of unitary 
scattering (which we assume to be dominant) is renor¬ 
malized as oc Z(w)/r^™*^-. In the critical regime, 

using the results obtained for Z{uj) and ImS(a;) for YRS 
in the regime dominated by three-dimensional antiferro¬ 
magnetic fluctuationJi^ we may scale out the tempera¬ 
ture dependence by using Zj{uj) oc and ImEj(a;) « 

> 0. As mentioned above, both data and the¬ 
ory suggest that the Hall coefficient Rh{0,H) at T = 0, 
and therefore (Txyz{0,H) — are rather 

small, as particle and hole contributions almost compen¬ 
sate. The temperature- dependent contribution may be 
approximated as 


Rh{T,H) = [p{T,H)Y[axyz{Q,H)+o'(T,H)l (23) 


where, using Eq. (221, 




'h- - c^T'^I^LiujT). (24) 


— 2 


▼ T 
• T 


▼ ▼* 
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t’ 
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FIG. 3. Hall constant Rh at various T. Clockwise from up¬ 
per left, T = 18, 38, 65 and 100 mK. H in Tesla and Rh in 
10“^°m^/C. Dots are theory, Eq. (22l; trianeles are from the 
data, Ref. ESI ^ 


VI. SPECIFIC HEAT 

The specific heat coefficient is also affected, even 
though a bit weaker. Using the analyticity properties 
of E, we have approximately 


ReE<,(co) « (|u;|/z2)7/2i/|^| + i/[|^| + hyep] (25) 

Since Z-^{T) = 1 - 5E/5a;| we get the self- 
consistent equation for Z{T) as 


Z-^ = 1 + Z-^|T|3/^[1 -h T/(T -h h'^/ep)] (26) 

The strong coupling solution of this equation is 


L{z) was defined in Eq. ( [T^ . Here the dimensionless 
quantity b oc (6171 -I- 6272) , with 5i > 0 (particles) and 
62 < 0 (holes) describes the extent of compensation. We 
note that in the extreme limit of low temperature, when 
the inelastic component of alx may be neglected, such 
that the denominator of Eq. (191 may be replaced by 
[p(0,iJ)]-2 (X (t*'"p) 2, two powers of in Eq.@ 

are cancelled and the T-dependent contribution to Rp 
scales with disorder strength as ARp = Rp{T,H) — 
Rp{0,H) oc . 

For the numerical evaluation of Eq. (231 we used again a 
parameterization of the impurity scattering contribution 
of the form crxyz(0, H) = cpi + cp 2 H^ and defined ap = 
a'u'ny'^'^PYu/im?. In Fig. 3, we show a comparison of the 
calculated Rp curves with experimental data,l^ again 
choosing a single set of parameters {cpi « 1.7, cp 2 = 
1.5, ap « 0.5} and the magnetoresistivity as determined 
above in Sec. IV. We conclude that the theory accounts 
well for the observed behavior. 


Z(T, H) oc + tI{T + h^/ep)Y/^ (27) 

such that the specific heat coefficient would be 

-focT-^/\l + T/{T + h^/ep)]-^/^ (28) 

This expression for the specific heat coeffient also de¬ 
scribes step-like behavior as the magnetic field is lowered 
through the T*-line. We do not attempt a detailed com¬ 
parison with experiment here because the data situation 
is not as good as in the case of the magnetoresistance. 


VII. SCATTERING OF QUASIPARTICLES BY 
SPIN RESONANCE BOSONS 


ESR experi ment s on YRS have shown a well-defined 
spin resonanc^i^ESl a wide region of the phase diagram 
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extending from fields as high as 8 T down to the critical 
field (see, for example, Fig. 1 in Ref. [m. Inelastic neu¬ 
tron scattering experimentJ^^ have shown the existence 
of the ESR resonance at sm all but non-zero momentum. 
Extending our earlier result^^^*^ to non-zero q, we are 
led to the spin-fluctuation spectrum 

Imx(( 7 , uj) = Im 
= 

« Xo — Wr — (29) 


—LOr — aq^ + 17 

Xo- 

LU — LOr — aq‘^ + 17 

W7 

UJ — uir — aq^Y + 7 ^ 


where is the spin-resonance frequency as calculated 
by us, see Eq. ( 2 ) of Ref. fTTIand 7 is the line width, see 
Eq. (4) and following, of Ref. |TT] 

The resonance frequency uj^ is everywhere non-zero; 
it does not vanish at the QCP, but gets renormalized 
to about 2/3 its high field limiting value in the critical 
regime.^ The coefficient a has some T-dependence that 
we neglect. Since the resonance linewidth is found to be 
much less than the resonance frequency, we may take it 
to be infinitesimally small. The imaginary part of the 
electron self energy caused by scattering on the spin res¬ 
onance is then given by 


ImS(a;) = f dvF{i',uj)xov f 

J —00 ^ 


dq 


X lmG{i'+ uj,'k +q)S{iu — ujr — aq^), (30) 

Where F is the thermal factor of Eq. ([^. Again using 
the angular integral 


d^Xq . .1 

-^ImG i^-bw,k-Hq) oc-, 

(27r)'^ vpq 


(31) 


we find 

ImE(a;) oc A^Xo / dvF{u^uj)v / dq^d{u — uJr — aq'^) 

J —00 ^ 

poo 

A^Xo / dvF(y^uj)v 
J 

(32) 


cxA2xoT2/i(^,^) 


where Ii{z,y) has been defined in Eq. (15). The vertex 


correction A and the static spin susceptibility are both 
temperature dependent. Below, we approximate x in the 
relevant regime 0.3iX < T < 2K and 0 < F[ < 4T by 
x(T) oc ln(10/T) , which describes the data reasonably 
well. The corresponding contribution to the magnetore¬ 
sistivity will have soft threshold behavior at T 2 {H) « ujr- 


VIII. T*-LINE IN THE PHASE DIAGRAM OF 
YRS 

We are now ready to collect our results on the loca¬ 
tion of the T* line in the T — FI phase diagram of YRS. 


These are determined in two ways, with identical results: 
i) from the position of the midpoint of the step feature in 
the magnetoresistance. Hall coefficient and other quanti¬ 
ties, and ii) from the solutions of the implicit equations 
ttT* « u(T*, F[) in the low temperature regime (spin-flip 
scattering) T < 0.3iX and T* « uJr{T*,H) at higher T( 
scattering from spin resonance). The collected T* points 
from our calculations are shown in Fig. together with 
the T * line published in numerous papers by the Dresden 
grouppEESI xhe agreement is seen to be very good. As 
shown above, the step heights of the features associated 
with Ti and T 2 vary with temperature as and T^, 
respectively, which explains why the T* feature is less 
important at higher T, and vice versa. 



FIG. 4. Experimental phase diagram of YRS.^ In the FL 
region (blue) the resistivity is oc T^. NFL denotes the non- 
Fermi liquid region where the resistivity varies with T as T°‘ 
with a < 1. The purple region is where several experimen¬ 
tal probes exhibit a crossover behavior, called the r*-line. 
The dots are the theoretical positions of the onset of spin- 
flip scattering - from quantum fluctuations (yellow) and at 
higher {T, H), from the spin resonance (red). The red dots at 
H < O.IT are calculated using unpublished datgp^ 


IX. CONCLUSION 

We have addressed the crossover behavior in trans¬ 
port and thermodynamic quantities that occurs across 
the line T*{H) in the small {T,H) region of the phase 
diagram of YRS. We propose that the T* line marks the 
onset of spin-flip scattering processes. We show in de¬ 
tail how these processes are switched on provided the 
temperature, and therefore the thermal energy is suffi¬ 
ciently high to allow additional scattering processes of 
at least two different types: ( 1 ) quasiparticle spin-flip 
scattering off the quantum fluctuations associated with 
the QCP of YRS. This involves excitation over the Zee- 
man gap, which we show to nearly vanish at the QCP; 
















and (2) scattering off spin resonance bosons, relevant at 
higher magnetic fields. While the second contribution is 
noncritical and therefore affects only the transport quan¬ 
tities, the first involves quantum critical excitations and 
is therefore operative in both the transport and the ther¬ 
modynamic quantities. We have demonstrated that the 
observed magnetoresistivity and the Hall coefficient may 
be quantitatively explained by our model calculation. 

In our calculation of the magnetotransport properties, 
we have made extensive use, as input, of experimental 
data on specific heat, susceptibility and magnetization. 
This enables us to conclude that in the experimentally 
relevant temperature regime the rapid drop of the Zee- 
man splitting h as the magnetic field is lowered to be¬ 
low the critical field at fixed temperature is not so much 
controlled by the decrease of the quasiparticle weight 
Z{H,T), but it is governed by the H - dependence of 
the differential susceptibility and of the magnetization. 
Therefore the T*-line is not necessarily tied to the crit¬ 
ical field (although at lower temperature it presumably 
is). This is to say that if the QCP is shifted to higher or 
lower values of magnetic field by doping the pure com¬ 
pound appropriately, this does not necessarily mean that 
the T*{H) as obtained above will follow the shift of the 
QCP. Rather, it may stay approximately at the unshifted 
position. This may be easily checked as soon as sufficient 
data on specific heat, magnetization and susceptibility 
become available. The part of the T*-line at higher tem¬ 
perature, which according to our calculation is controlled 
by the scattering off the spin resonance excitations will 


stay unchanged upon doping as long as the resonance 
frequency is not affected by doping. 

We emphasize that our description of the T*{H) line 
is simply based on incorporating spin-flip scattering from 
critical fluctuations and scattering from the spin reso¬ 
nance mode into the transport and thermodynamic re¬ 
sponses. It does not depend on some consequence of a 
possible breakdown of Kondo screening near the critical 
magnetic field 
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